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Abstract: The attribution of forest disturbances to disturbance agents is a critical challenge for
remote sensing-based forest monitoring, promising important insights into drivers and impacts
of forest disturbances. Previous studies have used spectral-temporal metrics derived from annual
Landsat time series to identify disturbance agents. Here, we extend this approach to new predictors
derived from intra-annual time series and test it at three sites in Central Europe, including managed
and protected forests. The two newly tested predictors are: (1) intra-annual timing of disturbance
events and (2) temporal proximity to windstorms based on prior knowledge. We estimated the
intra-annual timing of disturbances using a breakpoint detection algorithm and all available Landsat
observations between 1984 and 2016. Using spectral, temporal, and topography-related metrics,
we then mapped four disturbance classes: windthrow, cleared windthrow, bark beetles, and other
harvest. Disturbance agents were identified with overall accuracies of 76–86%. Temporal proximity
to storm events was among the most important predictors, while intra-annual timing itself was
less important. Moreover, elevation information was very effective for discriminating disturbance
agents. Our results demonstrate the potential of incorporating dense, intra-annual Landsat time
series information and prior knowledge of disturbance events for monitoring forest ecosystem change
at the disturbance agent level.
Keywords: Landsat; time series; disturbance agent; attribution; intra-annual; Central Europe
1. Introduction
Forest disturbances are central drivers of ecosystem dynamics, impacting stand structure and
composition, carbon flux, biodiversity, and economic value of forests [1–3]. Ecological and economic
impacts may vary strongly between different types of forest disturbance [4–6]. Thus, information on
the occurrence and distribution of disturbance agents is important to assess the carbon balance of
forests [5–7], impacts on biodiversity [8–10], and economic consequences [7,11]. Despite the ecological
and economic importance of forest disturbances, there is a lack of spatially explicit information on
forest disturbances at the agent level, especially covering larger geographic extents [12]. This lack of
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knowledge hampers the development of process-based ecological models, which might help with
predicting changes in disturbance dynamics under future climate change, as well as the development
of adequate management strategies [12,13].
Recent advances in satellite-based monitoring of forest ecosystem dynamics have demonstrated
the potential for remote sensing applications to map forest disturbances at the agent level. In this regard,
the Landsat satellite program constitutes a unique data source, allowing mapping forest dynamics
at a stand scale over large geographic extents and long historic periods (>30 years) with relatively
high temporal resolutions (annual or higher) [14]. Following the opening of the USGS Landsat Global
Archive in 2008 [15], new methods have been proposed for exploiting the full potential of the high
repetition rate offered by Landsat. That way, several automated change detection algorithms have been
developed, which operate by fitting a simplified model to a time series of Landsat observations [16–20].
Approaches based on Landsat time series have been shown to be very effective for detecting and
characterizing different processes of forest ecosystem dynamics [21,22].
While the detection of many forest disturbance processes using Landsat data may be considered
operational given the diversity of successful applications in forest ecosystems around the world [14,23,24],
the discrimination of different disturbance causes (i.e., the attribution to disturbance agents) remains
a prevailing challenge for remote sensing research [25]. First studies have used the outputs of
time series based change detection algorithms to attribute disturbance agents through classification
models [26,27]. Such approaches allow for the in-depth study of agent-level forest disturbance
dynamics at regional to continental scales [28,29]. However, current studies mostly mapped forest
disturbances in North-America, where clear-cut harvest, fire, and large-scale insect outbreaks dominate
as disturbance agents [26,27,30,31]. Approaches developed in those forest ecosystems might be difficult
to transfer to regions of lower disturbance intensity and smaller disturbance patch sizes, such as the
forest ecosystems of Central Europe [32].
In Central Europe, windthrow and bark beetles are the major natural forest disturbance
agents [2,33], which have been shown to interact in complex ways [34,35]. Both levels of windthrow
and bark beetle disturbances have increased in European forests over the last decades [2,36], and
are expected to further increase in response to climate change [37]. Given the wide range of
important ecological and economic impacts associated with both disturbance agents [5,7,11], the
monitoring of windthrow and bark beetle disturbances is critical to assist the sustainable stewardship
of forest ecosystems in Europe [12]. Thus, remote sensing-based monitoring of disturbance agents
in Europe requires methods that can robustly identify and discriminate these two most influential
natural disturbance agents. While there is a range of studies on Landsat-based characterization and
identification of insect-related forest disturbances [27,38–40], windthrow disturbances have received
considerably less research attention [41]. Further, most of Central European forests are under
active management, where harvest—in particular selective logging (i.e., thinning or shelterwood
cutting)–is an important disturbance agent [42]. Also, stands disturbed by natural disturbance
are commonly salvaged and sanitation felling is routinely applied to dampen the spread of bark
beetles [43–46]. These complex interactions between natural and human disturbances make the
attribution of disturbance agents challenging.
Spectral-temporal metrics derived from Landsat time series have been successfully used to identify
and discriminate different disturbance agents [27,29,40,47,48]. Such metrics can be obtained from
automatic change detection algorithms and provide key characteristics of spectral-temporal trajectories
such as the spectral change magnitude or the duration of spectral change. While spectral-temporal
metrics can deliver important insights into the characteristics of forest disturbances [49], recent
studies have demonstrated the potential of improving the identification of disturbance agents by
incorporating additional sources of information [26,30,31]. These additional information streams
include context-based metrics, which relate the location of detected disturbances to landscape
characteristics influencing the predisposition of forest stands towards different disturbance types
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(e.g., topography or forest type [26,31]), as well as spatial metrics describing the spatial configuration
of disturbance patches [26,30,50].
In this study, we investigate the potential of detailed temporal information derived from
intra-annual Landsat time series to improve the mapping of disturbance agents. Previous studies
on disturbance agent attribution have used time series of annual best observation images [26,29,30].
At the same time, great advances have been made regarding change detection methods including
intra-annual Landsat data [20,51,52]. For instance, Zhu et al. [20] have developed a change detection
algorithm working on all available Landsat observations that detects forest disturbances by comparing
new observations against values predicted by a model fitted to stable forest pixels. Hilker et al. [51] used a
fusion model incorporating Landsat and MODIS data for detecting forest disturbances with high temporal
and spatial resolution. As different types of forest disturbances often exhibit a distinct seasonality, such
as windthrows [53,54], insect outbreaks [55,56] or fires [57,58], information on the timing of disturbance
events within a year may potentially help to infer the underlying disturbance agent [13].
Moreover, combining Landsat time series data with additional information on natural disturbance
events and/or their underlying causes may improve the attribution of forest disturbances. Previous
studies combined climate data [59] or independent disturbance observations from aerial surveys [60–62]
to predict insect outbreak dynamics. Here, we test whether including external information on the
occurrence of storm events will help improve the identification of storm-related disturbances.
The aim of this study was to test Landsat time series-based predictors, context-based
topography-related metrics, and prior information on wind disturbances for mapping forest
disturbance agents in Central Europe. We tested our approach at three study sites featuring varying
disturbances patterns and forest management intensities. Specifically, we wanted to address the
following research questions:
1. How well can the major disturbance agents of Central European forests (i.e., windthrow, bark
beetles, and harvest) be discriminated using Landsat-based agent attribution models?
2. Does incorporating information on the intra-annual timing of disturbances improve the
attribution to change agents?
3. Does including prior knowledge about the occurrence of major storm events improve the
attribution to disturbance agents?
4. Are the disturbance attribution models generalizable across study sites, i.e., are there differences
in model performance and relative importance of predictor variables?
2. Materials and Methods
2.1. Study Area
Since forest management strongly impacts the manifestation of local disturbance patterns, we
selected our study sites to include different levels of management intensity. Overall, our selected sites
include three types of forest management zones: (1) strictly protected areas where natural disturbances
were allowed to progress without human intervention, (2) protected areas with human intervention,
and (3) forests actively managed for timber production. We selected three protected forest areas as
study sites: The Bohemian Forest Ecosystem consisting of the Bavarian and Šumava National Parks
in Germany and the Czech Republic, the Kalkalpen National Park in Austria and the core zone of
the Tatra National Park in Slovakia (Figure 1). While the core zones of national park areas display
non-intervention zones, low levels of human intervention are present in the surrounding management
zones. Around each of the protected area sites, we constructed a 10-km buffer to include actively
managed forests.
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Figure 1. Location and extent of the three study sites. Dark gray areas represent initial protected area 
polygons and light gray areas the constructed buffer zones. 
Elevation  ranges  are  ca.  750–1450  m  at  the  Bohemian  Forest  site,  ca.  400–2000  m  at  the 
Kalkalpen site, and ca. 900–2650 m at the Tatra site. At all study sites, coniferous forests dominated 
by Norway  spruce  (Picea  abies  (L.) H. Karst)  are  the most  prominent  vegetation  type  in  higher 
elevation zones  (subalpine belt). At  the Bohemian Forest and Kalkalpen site,  lower elevations are 
dominated by European beech (Fagus sylvatica L.) forests, while the montane belt is formed by mixed 
forests of European beech, Norway spruce and Silver fir (Abies alba Mill.). At the Tatra and Kalkalpen 
sites,  higher‐elevation  forests  also  feature European  larch  (Larix decidua Mill.),  stone  pine  (Pinus 
cembra L.) and mountain pine (Pinus mugo Turra) as admixture species. 
Within the recent past, all study sites were affected by large‐scale storm events (Table 1) and 
outbreaks  of  European  spruce  bark  beetle  (Ips  typographus  L.)  [32,34,63].  Disturbance  regimes 
governed by  these  two natural agents are  typical  for Central European mountain  forests  [44,64]. 
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Moreover,  the Kyrill  storm  in  January  2007,  as well  as  a  thunderstorm  event  in  July  2011, have 
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Figure 1. Location and extent of the three study sites. Dark gray areas represent initial protected area
polygons and light gray areas the constructed buffer zones.
Elevation ranges are ca. 750–1450 m at the Bohemian Forest , ca. 400–2000 m at the Kalkalpen
site, and ca. 900–2650 m at the Tatra site. At all study sites, coniferous for sts dominat d by Norway
spruce (Picea abies (L.) H. Karst) are the m st prominent vegetation type in higher elevation zones
(subalpine belt). At the Bohemian Forest and Kalkalpen site, lower elevations are dominated by
European beech (Fagus sylvatica L.) forests, while the montane belt is formed by mixed forests of
European beech, Norway spruce and Silver fir (Abies alba Mill.). At the Tatra and Kalkalpen sites,
higher-elevation forests also feature European larch (Larix decidua Mill.), stone pine (Pinus cembra L.)
and mountain pine (Pinus mugo Turra) as admixture species.
Within the recent past, all study sites were affected by large-scale storm events (Table 1) and
outbreaks of European spruce bark beetle (Ips typographus L.) [32,34,63]. Disturbance regimes governed
by these two natural agents are typical for Central European mountain forests [44,64]. However, the
manifestation of local disturbance patterns varies between study sites. Following multiple storm
events in the 1980s and a series of hot summers in the 1990s, large-scale bark beetle outbreaks have led
to extensive forest die-off in the Bohemian Forest Ecosystem [32,65,66]. Moreover, the Kyrill storm in
January 2007, as well as a thunderstorm event in July 2011, have c used substantial windthrows in
high elevation forest stands [32]. At the Tatra site, a storm event in November 2004 has caused massive
windthrows on the southern flank of th mountain chain [67]. The blowdow of la ge forest areas was
followed by an outbreak of bark beetles, which primarily affected forest stand in the o e zone of the
nati nal park [67,68]. A second storm event in 2014 again led to large windthrows [69]. Compared
to the large-scale disturbances that occurred at the Bohemian Forest and Tatra sites, disturbances at
the Kalkalpen site were much smaller in size. In recent years, blowdowns caused by the Kyrill storm
in 2007 and two storm events in 2008 triggered a major bark beetle outbreak inside the national park
area [34].
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Table 1. Overview of major storm events that affected the study sites within the observation period in
which we mapped forest disturbances (1986–2014).
Date Name of Storm Sites Affected
19 November 2004 - Tatra
19 January 2007 Kyrill Bohemian Forest, Kalkalpen
28 January 2008 Paula Kalkalpen
1 March 2008 Emma Kalkalpen
13 July 2011 - Bohemian Forest
15 May 2014 - Tatra
At all study sites, some of the disturbed forest stands located inside the national parks, particularly
within the core zones, were left to progress without human intervention [34,45,67,70]. Within the
management zones of the national parks, most of the blowdown areas and bark-beetle-infested stands
located at the park borders were salvage-logged in order to avoid an uncontrolled spread of bark
beetles outside the park boundaries [34,45,67].
2.2. Landsat Data Preprocessing
All available, orthorectified Landsat Thematic Mapper (TM), Enhanced Thematic Mapper (ETM+),
and Operational Land Imager (OLI) data for the Worldwide Reference System 2 (WRS-2) path/rows
187/26, 188/26, 191/26, 192/26, 190/27, and 191/27 acquired from 1984 to 2016 were downloaded
from the United States Geological Survey (USGS; https://earthexplorer.usgs.gov/) and the European
Space Agency (ESA; https://earth.esa.int/) archives. The ESA images were geometrically aligned
with the USGS imagery using the automatic georectification algorithm developed by Gao et al. [71].
The images were converted to surface reflectance using the Landsat Ecosystem Disturbance Adaptive
Processing System (LEDAPS) [72], except for Landsat OLI data, which was processed using the
methods described in Vermote et al. [73]. Clouds and cloud shadows were masked out using the
Fmask algorithm [74]. In a final preprocessing step, the Tasseled Cap (TC) indices were computed
using the surface reflectance-derived transformation coefficients described in Crist [75] for all Landsat
sensors. The different sensor characteristics of the Landsat 8 OLI satellite can lead to differences in
derived vegetation indices (VIs) compared to previous Landsat sensors [76], thus potentially affecting
the comparability of VI values when using both sensors in a time series framework. To test the impact
of sensor differences on data continuity, we compared TC wetness values derived from OLI data with
simulated ETM+ data, which were generated by applying the band equations from Roy et al. [76] to
OLI reflectance data. We calculated TC wetness for 60,622 samples from the European Land Use and
Cover Area-Frame Statistical Survey (LUCAS) [77] comprising different land cover types from across
all of Europe. TC wetness calculated from OLI data tended to be lower than from simulated ETM+
data. However, we found that differences were considerably smaller in forested areas compared to
other land cover types, which is in agreement with the findings of She et al. [78]. As the observed
differences generally were small (average difference in TC wetness <0.01 for forested areas) compared
to changes associated with forest disturbance and OLI data made up only a small part of our analyzed
time series, we did not apply any normalization to the OLI imagery.
The availability of cloud-free observations varied considerably between study sites. The high-elevation
Tatra site was the cloudiest with only 3.8 cloud-free observations per year on average. The Bohemian
Forest site had 9.3 cloud-free observations, and the Kalkalpen site had 7.8 cloud-free observations per
year on average.
2.3. Reference Data Collection
For all study sites we collected two sets of training data: (1) a stratified random sample of Landsat
pixels that was used for forest masking and disturbance detection; and (2) a sample of disturbance agent
polygons that was used for creating classification models discriminating forest disturbance agents.
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The sample of Landsat pixels consisted of 500 pixels at each study site. To include enough
disturbed forest pixels, the sampling was stratified based on a map reflecting change magnitudes
within the pixel time series [79], quantified as the negative change in the TC wetness index [75]
associated with the greatest disturbance event in a time series. For every Landsat pixel in the sample,
we determined whether it was forested at the beginning of the time series (in 1985) and whether (and
when) a disturbance event occurred. The manual labeling process was based on visual interpretation
of Landsat image chips and associated spectral-temporal trajectories, and high resolution imagery
accessed through Google Earth (Google, Menlo ParK, CA, USA). Such an approach allows creating
reliable reference datasets on forest dynamics in the absence of other ground truth data [80] and has
been used by other studies [27,81,82].
The disturbance agent polygons were manually digitized on high-resolution imagery available in
Google Earth and Landsat data. For every polygon, the disturbance agent was recorded using four
disturbance agent classes: windthrow, cleared windthrow, bark beetles, and other harvest. The cleared
windthrow class was assigned when wind-damaged stands were harvested (salvaged) within a year
following the storm event. All other loggings of forest stands were ascribed the other harvest class.
Thus, the class comprises regular harvests for timber production (clear-cut and partial harvests) as well
as sanitation and preventative logging used to control bark beetle outbreaks. As sanitation logging
in response to bark beetle disturbance is usually applied immediately after an attack is identified by
ground monitoring and infested trees are removed, discriminating it from regular clear-cut harvests
based on remote sensing data is extremely difficult [83].
In addition to the Landsat time series and high-resolution imagery, we used reference datasets
available for the national park areas for interpreting disturbance agents at the Bohemian Forest and
Kalkalpen sites. At the Bohemian Forest site, we used annual aerial survey data from the Bavarian
Forest National Park going back to 1989. These surveys included mappings of disturbed forest stands
with information on disturbance agent and post-disturbance management practices (i.e., whether
a stand was salvage logged or not) [84]. For the Kalkalpen National Park, we used a reference
polygon dataset indicating which forest stands were disturbed since 1992, including information on
the disturbance agent and year.
The sampling of disturbance agent polygons was done in two phases similar to the approach
by Kennedy et al. [26]. We used disturbance maps derived from the Landsat time series and
high-resolution imagery to identify disturbed forest areas, which were then assigned with a label of
the disturbance agent using all available reference data. In the first phase, we selected a purposive
sample of disturbance areas which were then used to train preliminary agent attribution models.
In the second phase, we extended our polygon sample by adding additional samples guided by the
spatial predictions of the preliminary attribution models. The second sampling phase ensured that
classes underrepresented in the preliminary sample were adequately represented in the final sample of
disturbance agent polygons. Using model predictions to identify potential additional training samples
can be more effective than manual search, even when some of the predictions turn out to be false [26].
In total, we collected 478, 258, and 306 reference polygons for the Bohemian Forest, Kalkalpen, and
Tatra sites, respectively (Table 2). The size of the digitized polygons varied between 1 and 1300 Landsat
pixels, with an average polygon size of 23 pixels (ca. 2.1 ha).
Table 2. Number of polygon samples collected for the disturbance agent classes at the study sites.
Agent Class Bohemian Forest Kalkalpen Tatra
Windthrow 146 39 87
Cleared windthrow 121 65 34
Bark beetle 110 58 116
Other harvest 101 90 69
Total 478 258 306
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2.4. Disturbance Detection and Agent Attribution Approach
Our approach to mapping forest disturbances and disturbance agents consisted of three main
steps: (1) forest mapping, (2) disturbance detection, and (3) disturbance agent attribution (Figure 2).
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Figure 2. Workflow used for detecting and attributing forest disturbances.
First, areas forested at the beginning of the time series were delineated by creating a forest mask.
During initial tests, we tried all three TC components (greenness, brightness, wetness) in change
det ctio and ag nt attribution models, but found wetness to be most informative for d tecting and
separa ng disturbance agents at our study sites. Thus, we applied a breakpoint detection algorithm to
TC wetness tim series of all available, cloud-free L dsat observations. TC w tness has been shown
to corr late with important tree and stand attributes [85,86] and w s applied successfully in several
studies on forest disturbance mapping and agent attribution [27,39,41,87].
From the detected breakpoints and trends, we extracted spectral and temporal metrics describing
the greatest disturbance event, and then used these metrics as input to classify disturbed and
undisturbed forest area. Finally, we classified the disturbed forest area according to one of four
disturbance agent classes: windthrow, cleared windthrow, bark beetles, and other harvest.
2.4.1. Breakpoint Detection and Time Series Segmentation
To detect and characterize forest disturbances, we applied the breakpoint detection method
employed by the Breaks For Additive Season and Trend (BFAST) algorithm [19,88] to the TC wetness
time series. Our approach for detecting breakpoints is similar to the one used by de Jong et al. [89], but
allows for detecting multiple breaks in a time series.
First, a linear model including harmonic terms was fitted to the pixel time series to account for
effects of seasonality [52,90]. Similar to the approach by Zhu et al. [20] for fitting models capturing
seasonality and Bidirectional Reflectance Distribution Function (BRDF) effects in time series of all
available Landsat data, we used two-term harmonic (sine and cosine) model since higher-order
functio tend d to overfit. By ccounting for the underlying inter-annual variation, easonal patterns
in the residuals unr ated to potential disturbances are removed [89]. The r ulting linear season-trend
model is then partitioned into segments using the method described in Zeileis et al. [91].
A statistical test is a lie to check whether structural breaks occur in the time series. We used
the test based on moving sums (MOSUMs) of the residuals in ordinary least squares (OLS) regression
models [88]. If the test indicates evidence for a structural break (p < 0.05), the number and position
of breakpoints are determined based on the method by Bai and Perron [92]. Breakpoint positions
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are determined by minimizing the residual sum of squares of linear segments, while the Bayesian
Information Criterion (BIC) is used to select the optimal number of breaks [89].
As one parameter of the breakpoint algorithm, the bandwidth of the moving window used in
the OLS-MOSUM test must be specified by the user (the bandwidth also determines the minimum
length of resulting segments; h-parameter). Based on test runs, we set h to be 5% of the total data,
reflecting a minimum segment length of ca. 1.5 years. To exclude periods in which no breakpoints
could be detected because of the minimum segment size defined by h, we removed the first and the
last two years of the time series from further analysis, such that only events occurring between 1986
and 2014 were considered for forest disturbance detection and change agent attribution. The applied
method is implemented in the strucchange package in R [93].
2.4.2. Computation of Metrics for Greatest Disturbance
The breakpoint detection algorithm results in a segmentation of the time series, in which OLS
segments including linear trend terms and harmonic season terms are separated by breakpoints
(i.e., discontinuities) [52,89]. As harmonic terms were used to account for seasonality in the time
series during the detection of breakpoints (i.e., to avoid the detection of spurious breakpoints due to
seasonal effects), linear models without harmonic season terms were fitted to the time series segments
to describe trend changes in the Landsat time series. We used these linear trends and the breakpoints
separating segments to identify and characterize potential forest disturbances. To determine the major
change event (i.e., greatest disturbance) within a pixel time series, the breakpoint or linear segment
accounting for the largest negative change in TC wetness was identified. Thus, a disturbance was
marked either by a breakpoint (abrupt change) or a linear segment (gradual change).
We estimated the onset date for each greatest disturbance event. Since a breakpoint detected by
the time series segmentation method represents the last observation of a segment before the structural
break occurs, the mean value between the date of the breakpoint and the next clear observation was
taken as a naïve best guess of the actual disturbance date. By incorporating all clear observations in the
breakpoint detection model, our approach allowed to derive within-year estimates of the disturbance
date. Finally, a suite of metrics describing key characteristics of the spectral-temporal trajectory was
extracted for the greatest disturbance (Figure 3, Table 3).
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breakpoint and (B) a gradual disturbance detected as a linear segment.
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Table 3. Overview of spectral metrics based on Tasseled Cap Wetness (TCW), temporal and
topography-related metrics used for disturbance agent attribution.
Metric Group Metric Name Description
Spectral
Magnitude
(MAG) Absolute change in TCW index
Pre-value
(PREVAL) Fitted value of linear trend in TCW index before change event
Post-value
(POSTVAL) Fitted value of linear trend in TCW index after change event
Pre-rate
(PRER) Slope of linear segment before change event
Post-rate
(POSTR) Slope of linear segment after change event
Pre-change
(PRECH) Sum of change in TCW index after greatest disturbance
Post-change
(POSTCH) Sum of change in TCW index before greatest disturbance
Temporal
Duration
(DUR) Duration of disturbance in decimal years
Seasonality
(SEAS) Timing of disturbance within year, expressed as day of year (DOY)
Storm
(STORM)
Temporal proximity between detected breakpoint and known
dates of storm events, measured as number of clear observations
Topography-related
Elevation
(ELE) Altitude in meters
Slope
(SLO) Slope in degrees
Aspect
(ASP) Aspect in degrees
Roughness
(ROUGH)
Terrain roughness, expressed as difference between minimum and
maximum elevation in 8 surrounding pixels
The extracted metrics can be divided into two groups: Spectral metrics describing the spectral
change in the pixel time series associated with disturbances, and temporal metrics relating to the
onset date and duration of the greatest disturbance (Table 3). While similar spectral metrics and
disturbance duration have previously been used to attribute disturbance agents using Landsat time
series [26,27,29,30], our approach introduces two additional temporal metrics which are based on the
within-year estimates of disturbance dates. The seasonality metric (SEAS) reflects the within-year
timing of a disturbance event, while the storm metric (STORM) relates the estimated disturbance date
to prior knowledge about the occurrence of major storm events. To quantify the temporal proximity
of disturbance date estimates and actual storm events, we used the number of clear observations
between detected disturbances and known storm dates, assuming that most disturbances related to a
storm event are detected within a few observations of the actual storm date. By using the number of
clear Landsat observations instead of an absolute time difference, we wanted to ensure comparability
between pixel locations with different numbers of clear observations.
In addition to the spectral and temporal metrics derived from the change detection algorithm,
we also calculated context-based topography-related metrics for all study sites (Table 3). Such metrics,
(elevation, slope, aspect and terrain roughness) were derived from the Shuttle Radar Topography Mission
(SRTM) digital elevation model (DEM) with the same spatial resolution as the Landsat data (30 m).
2.4.3. Classification Models
We used random forest classifications [94] for forest masking, disturbance detection, and
disturbance agent attribution. The parametrization of the random forest models was based on the
recommended default values of the randomForest package for R [95].
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To create the forest mask, the sample of 500 interpreted Landsat pixels was used as training data.
The classification was applied to a stack of pixel-wise metrics comprised of mean, median, minimum,
maximum, 25% and 75% quantile of all TC indices (brightness, greenness, wetness) between 1984 and
1986. The classification model discriminating disturbed forest stands was trained using all interpreted
Landsat pixels that fell inside forested areas according to the forest mask. That way, 376, 390, and
335 training pixels were used to train the classification models in the Bohemian Forest, Kalkalpen, and
Tatra sites, respectively. We used the set of spectral metrics derived from the Landsat time series as
input features for the disturbance classification (Table 3).
The training data used for building the disturbance agent classification models was derived by
taking a sample of 250 pixels for every agent class (N = 1000) located inside the collected disturbance
agent polygons. To account for the different sizes of the manually digitized training polygons, we used
a stratified sampling approach that ensured the allocation of at least one sample in every polygon.
The random forest models used for attributing disturbance agents was trained using spectral, temporal
and topography-related metrics (Table 3) computed for disturbed forest pixels.
To evaluate our approach, we built a range of different attribution models. To assess the impact of
adding a group of metrics on model performance, we fitted models including only the spectral metrics,
models including spectral and temporal metrics, models including spectral and topography-related
metrics, and full models using all metrics. Models were trained site-wise; however, to investigate
whether predictor variables had similar effects across study sites, we also fitted a global model using
the training samples from all study sites as input data. To assess the relative importance of predictor
variables, we computed the mean decrease in the Gini coefficient [94] and normalized the values to a
0–100 scale of relative importance scores. The performance of the classification models was assessed
using the out-of-bag (OOB) classification errors returned by the random forest algorithm [96].
We used the spatial predictions of the attribution models to derive trends of forest disturbance
agents for each study site. Agent-specific forest disturbance rates were calculated using the attribution
results and the forest masks.
3. Results
3.1. Forest Masking and Disturbance Detection
According to the OOB estimates, the forest masks were highly reliable, with overall accuracies
of 95%, 90%, and 88% for the Bohemian Forest, Kalkalpen, and Tatra sites, respectively. Also, the
accuracies of the disturbance detection models were high, with overall accuracies of 97%, 91%, and
92% at the Bohemian Forest, Kalkalpen, and Tatra sites, respectively (Table 4).
Table 4. Overview of out-of-bag (OOB) model accuracies of forest masks and disturbance maps created
for the study sites.
Site Map Class Producer’sAccuracy (%)
User’s
Accuracy (%)
Overall
Accuracy (%)
Bohemian Forest
Forest Mask
Forest 96.6 97.4
95.4Non-forest 91.1 88.7
Disturbance Map Disturbed forest 96.8 97.2 96.6Undisturbed forest 96.4 95.9
Kalkalpen
Forest Mask
Forest 91.1 96.7
90.0Non-forest 84.9 66.4
Disturbance Map Disturbed forest 90.2 91.1 90.8Undisturbed forest 91.3 90.4
Tatra
Forest Mask
Forest 89.3 95.1
88.0Non-forest 83.8 69.2
Disturbance Map Disturbed forest 90.6 93.4 92.0Undisturbed forest 93.3 90.5
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We assessed the temporal accuracy of disturbance detection by comparing the disturbance year
estimates obtained from visually interpreting the sample of Landsat pixels with disturbance dates
assigned by the change detection algorithm (Figure 4). Overall, we found good agreement between
the Landsat-based and interactively derived disturbance year estimates, with 81% of disturbances in
the sample pixels being detected within +/−1 year of the interpreted disturbance year.
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Figure 4. Scatterplots of disturbance year esti ates obtained from visual interpretation (interpreted)
and isturbance years obtained fro t e re i t etection algorithm (mapped). Diagonal lines
repres nt complet agre ment. Data i l tte ith 75% transparency.
3.2. Disturbance Agent Attribution
The OOB error indicated high accuracies of the disturbance agent models. The full models
including all predictor metrics had overall accuracies of 78%, 82%, and 91% for the Bohemian
Forest, Kalkalpen, and Tatra sites, respectively (Figure 5). Class errors were relatively well balanced,
with producer’s accuracies (1-omission error) ranging from 71–80%, 70–87%, and 84–96% and
Users’ accuracies (1-commission error) ranging from 75–81%, 79–83%, and 88–94% at the Bavarian
Forest, Kalkalpen, and Tatra sites, respectively. Models built with only the spectral metrics showed
considerably lower class and overall accuracies than models incorporating the temporal and/or
topography-related metrics. When compared to the model only using the spectral metrics, including
the temporal metrics resulted in increases of overall accuracies of 10%, 10%, and 7%. Including
the topography-related metrics increased overall accuracies by 8%, 18%, and 10%. Including both
the sets of temporal and topography-related metrics increased overall accuracies by 12%, 21%, and
15%, respectively.
Forests 2017, 8, 251 12 of 24
Forests 2017, 8, 251    12 of 25 
 
topography‐related metrics. When compared to the model only using the spectral metrics, including 
the temporal metrics resulted in increases of overall accuracies of 10%, 10%, and 7%. Including the 
topography‐related metrics  increased overall accuracies by 8%, 18%, and 10%. Including both  the 
sets of temporal and topography‐related metrics increased overall accuracies by 12%, 21%, and 15%, 
respectively. 
 
Figure  5.  Heatmap  of  model  accuracies  including  the  different  sets  of  metrics  for  the  three 
site‐specific models and  the global model. PA = Producer’s accuracy, UA = User’s accuracy, OA = 
Overall accuracy. Spec. = Spectral, Temp. = Temporal, Topo. = Topography‐related. 
3.3. Importance and Distributions of Predictor Metrics 
The variable importance scores based on the Gini‐index were used to assess the importance of 
the  individual metrics  for model performance. According  to  the  importance scores,  the elevation 
variable (ELE) was the most important predictor of the disturbance agent in all site‐specific models 
as well as the global model  (Figure 6). The temporal metric relating detected disturbance to prior 
knowledge about  the occurrence of major storm events also showed some of  the highest variable 
importance across models, being ranked second most important variable in the global model. Only 
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Figure 5. Heatmap of model accuracies including the different sets of metrics for the three site-specific
models and the global model. PA = Producer’s accuracy, UA = User’s accuracy, OA = Overall accuracy.
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3.3. Importance and Distributions of Predi t
The variable importance scores based on the Gini-index were used to assess the i portance of the
individual metrics for model performance. According to the importance scores, the elevation variable
(ELE) was the most important predictor of the disturbance agent in all site-specific models as well as
the global model (Figure 6). The temporal metric relating detected disturbance to prior knowledge
about the occurrence of major storm events also showed some of the highest variable importance across
models, being ranked second most important variable in the global model. Only in the model for
the Bohemian Forest Ecosystem, a spectral metric (disturbance magnitude) was among the two most
important predictors. Disturbance magnitude (MAG) and post-disturbance wetness change (POSTCH)
showed the highest variable importance scores for spectral metrics across all models. The temporal
seasonality metric, quantifying the intra-annual timing of disturbances, was a less important predictor,
being ranked seventh most important in the global model.
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Figure 6. Relative variable i portance for site-specific models and the combined global model as
normalized importance scores based on the Gini index. Colors represent different metric groups
(spectral, topography-related, temporal).
To investigate differences in the metrics between disturbance agent classes, we analyzed the
distributions for the disturbance agent samples. Bark beetle disturbances had the lowest change
mag itudes from all isturbance agents (Figure 7). I contrast, ther harvests and cleared windthrows
showed the h ghe disturb nce magnitudes across all study sites. Moreover, both anthropogenic
disturbance agent clas es (cleared windthrow a d other harvest) w r associated with higher increases
in TC wet ess following the disturbanc event than unmanaged natural disturbances by windthrow
and bark beetles.
Thus, windthrows cleared by salvage logging featured spectral change signals very different
from unmanaged blowdown areas, which in direct comparison had lower disturbance magnitudes
and post-disturbance wetness increases. These strong differences between spectral signatures
of unmanaged windthrows and cleared windthrows demonstrate the impact of post-disturbance
forest-management on the change signals recorded by satellite sensors. At the same time, cleared
windthrows were generally more similar to regular harvest disturbances in their spectral behavior.
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In contrast to the similar spectral signatures observed for cleared windthrows and other harvest,
we found significant differences in the distributions of topography-related and temporal metrics for
these agents. Generally, disturbance agents featured distinct elevational distributions at all study sites,
explaining the variables’ effectiveness for change agent attribution (Figure 8). In particular, windthrow
and bark beetle disturbanc s occu red more freq ently at highe el vations than harvests.Forests 2017, 8, 251    15 of 25 
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Disturbances by windthrow and cleared windthrow were detected very close to dates of known
storm events, while bark beetles and other harvest disturbances were much less clustered in their
distributions of the metric (Figure 8). Integrating data from all study sites, the majority (75%) of
windthrow samples featured disturbances within +/−3 clear observations of actual storm event dates.
However, the detection offset for windthrow disturbances varied between study sites. Whereas 91% of
the windthrow samples showed disturbances within +/−3 clear observations at the Bohemian Forest
Ecosystem, this number was considerably lower at the Kalkalpen (72%) and Tatra (64%) sites. Thus,
comparing the study sites, windthrow disturbances were detected closer to the actual storm dates with
an increasing number of available clear observations.
3.4. Spatial Model Predictions and Disturbance Trends
We created disturbance agent maps showing the spatial distribution of the four disturbance
agent classes at the three study sites and compared them with available reference datasets (Figure 9).
The spatial patterns of the Landsat-based disturbance agent maps were in good agreement with
aerial survey mappings based on visual interpretation of orthophotos. Compared to aerial survey
interpretations, the pixel-wise classification of disturbance agents based on Landsat data resulted in
more heterogeneous agent patterns.
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Figure 9. Comparison of (A) La t- sed disturbance agent map and (B) aerial survey data for
a section of the Bavaria Forest atio al ark. Aerial survey polygons were rasterized at 30 m
resolution for comparison with Landsat-based predictions. The disturbances from other harvesting
inside the national park were sanitation logging to control bark beetles.
The disturbance rates derived for the agent classes were highly variable in space and time
(Figure 10). In particular, disturbances associated with windstorm events (windthrows and cleared
windthrows) were temporally clustered, appearing as spikes in the annual disturbance rates. At the
Kalkalpen and Tatra sites, disturbance rates by bark beetles increased following the respective storm
events, while at th Bohemian Forest Ecosystem the earlier outbreak cycle i the 1990 preceded the
major storm events of 2007 and 2011. Other h rvests were the most con tant c use of forest disturbance
at all study sites. Disturbance rat s by harvesting activities increased with higher levels of natural
disturbances by bark beetles and windthrow.
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4. Discussion
4.1. Disturbance Agent Attribution
The high accuracies of the disturbance agent models across all test sites indicate that disturbances
by windthrow, bark beetles, and harvest can be discriminated using classification models integrating
data from dense Landsat time series, topography-related metrics, and prior information about the
occurrence of disturbance events. Moreover, we were able to separate cl ared windthrows from
un anaged windthrows in ur classification model , thus pr viding valuable inform tion on the
forest managemen response to storm-related disturbances. In general, thanks to the possibility
to investigate large areas and the temporal depth provided by the Landsat archi e, the integrated
Landsat-based mapping of windthrow and bark beetle disturbances offers great potential to improve
the understanding of interactions between these two disturbance agents [12,34].
Comparing agent attribution models among study sites revealed several metrics that were
consistently important across sites: elevation, the temporal proximity to storm events, the sum of TC
wetness change after a disturbance, and TC wetness change magnitude. The disturbance agent maps
and derived forest disturbance rates resembled spatial and temporal patterns known from previous
studies and aerial overview surveys [32,34,67]. For instance, the model predictions reproduced the
different outbreak patterns of I. typographus at the study locations. At the Kalkalpen and Tatra sites, bark
beetle outbreaks followed as a direct consequence of storm events [27,53], while in the Bohemian Forest
Ecosystem, the largest bark beetle outbreak during the 1990s and early 2000s was largely climate-driven
and not directly preceded by large-scale windthrows [66]. The synchronicity of increased disturbance
by oth r harvests and natural agents (i.e., bark beetles nd windthrow) observable in the agent-specific
disturbance rates can lik ly be att ibuted to i cre sed lev ls of forest management in the f rm of
preventative felling, sanitation and salvage logging in reaction to natural disturbances.
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An alternative to attributing disturbance agents on the level of individual pixels is identifying
forest disturbance causes on the level of disturbance patches. Previous studies have demonstrated
that spatial information can help distinguishing between disturbance agents, as different disturbance
types have been shown to result in characteristic spatial patterns [26,30,50]. Generally, with forest
disturbances typically appearing as disturbance patches, patch-based attribution approaches can be
considered to have conceptual advantages over pixel-based approaches [26]. However, the definition of
appropriate decision heuristics on which pixels are aggregated is critical to derive meaningful patches
reflecting underlying disturbance events [81]. The fine scale and the strong spatial and temporal
interactions of natural and anthropogenic disturbances in European forests [35] pose a challenge for
the spatial segmentation of disturbance patches.
4.2. Usefulness of Temporal Metrics for Disturbance Agent Attribution
Applying the change detection algorithm to all clear Landsat observations allowed determining
the date of forest disturbances on an intra-annual temporal level. Disturbance date estimates for most
windthrow disturbances, for which the actual disturbance dates (i.e., the dates of major windstorm
events) were known, showed margins of error of only a few observations. This demonstrates the
capability of the change detection algorithm to accurately identify disturbance dates in intra-annual
time series comprising all available Landsat observations. The accuracy of the estimated disturbance
date increased with data availability, indicating that the approach benefits from frequent observations.
Including prior knowledge about windstorm events substantially improved the discrimination
of forest disturbance agents, with the temporal proximity to storm events being one of the most
informative predictors in the agent attribution models across all test sites. This demonstrates the
usefulness of including external information about storm event dates to discriminate wind-related
forest disturbances when mapping disturbance agents based on Landsat time series. In contrast to the
importance of the proximity to storm events, we found that the within-year timing of disturbances
(seasonality metric) was less informative for predicting disturbance agents. The fact that storm events
have occurred in both summer and winter months at two test sites (the Bohemian Forest and Tatra
sites) likely contributed to the relatively low variable importance of the seasonality metric. While on
a continental scale in Europe a very distinct seasonality of windstorm events can be observed [53],
differing temporal patterns on smaller spatial scales can make the within-year timing of disturbances
less meaningful as a predictor. The number of available Landsat observations likely also compromises
the effectiveness of the seasonality metric. With only a few clear observations per year available at
many sites for large parts of the Landsat data record, the potential to differentiate between seasonal
patterns of forest disturbance agents will therefore vary a lot depending on the region of interest.
The effectiveness of this metric may increase when data fusion approaches, integrating data from
other sensors such as MODIS, are used [51]. With increasing availability of data from Landsat
and Landsat-like sensors, such as the recently launched Sentinel 2A/B satellites, the potential for
monitoring forest change on an intra-annual temporal scale will improve [20].
4.3. Importance of Other Metrics and Transferability to Other Study Regions
The usefulness of spectral change magnitudes to discriminate between disturbance agents
observed in our models is in line with the results of other studies [27,30,31]. The disturbance
magnitudes associated with natural agents (bark beetles and windthrow) were lower than for cleared
windthrow and other harvest. These differences are likely caused by varying mortality rates during
bark beetle attacks (i.e., non-host tress or trees with high defensive capacity), and residual trees that
were not uprooted during storms. Further, changes in the canopy caused by natural disturbance
agents exposes understory vegetation and natural regeneration, which further can dampen the
disturbance magnitude [39]. These differences in change magnitudes are also mirrored in the different
post-disturbance spectral changes of disturbance agents, with higher increases of TC wetness following
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disturbances by forest management (cleared windthrow and other harvest classes), thus making this
metric effective for distinguishing different types of forest disturbance.
Moreover, we found topography-related information, particularly elevation, to be very helpful
for discriminating disturbance agents. The effectiveness of the elevation variable in our models can be
related to a number of factors. First, topography-related site conditions can impact the predisposition
of a forest stand towards natural disturbances. For example, wind speed tends to increase with altitude,
which in turn increases the likelihood of windthrow disturbances [97]. Moreover, at the mountain
forests sites investigated in this study, elevation is strongly correlated with the distribution of different
forest types and species, which can show varying levels of susceptibility towards different natural
disturbance agents. Spruce-dominated forests are prevailing in the higher altitude zones of the study
sites. Norway spruce is both the most important host tree for I. typographus [35,44,98] and has been
shown to be particularly vulnerable towards windthrow [99–101].
However, the elevation variable also reflects a clear elevational gradient of different forest
management zones present at all study sites. This effect associated with differences in forest
management was probably even more important for the effectiveness of the elevation metric in
our agent attribution models. Since protected forest areas with no or limited human intervention are
confined to high-elevation areas and natural disturbances are actively managed in the surrounding
forests, natural disturbances tended to occur at higher elevations than harvests.
Outside the strictly protected zones of the national parks, the active management of natural
disturbances through salvage and sanitation logging decreased the frequency of bark beetle
disturbances, and blowdown areas were mostly cleared. Since cleared windthrows exhibited spectral
signatures very similar to other harvests, the separation of these two agent classes strongly relied on
topography-related and temporal information at our study sites, particularly the elevation and the
temporal proximity to storm events. Combining spectral with temporal information derived from
intra-annual time series as well as prior information on the occurrence of storm events thus holds great
potential for mapping wind disturbances and related salvage logging activities based on Landsat data.
This result has important implications for large-area applications of remote sensing-based
disturbance agent monitoring: As salvage logging of windthrow disturbances is the norm in most
Central European forests [45,102], the discrimination of salvage logging from other harvesting
activities is important to accurately reflect the impact of windthrow disturbances on forest ecosystems.
Given the lack of standardized reporting systems for forest storm damage and its management in
Europe [103], remote sensing-based maps of storm-related salvage logging can provide important
insights into associated spatiotemporal patterns and help assessing the effectiveness of management
activities [43,67]. Moreover, as salvage logging has a range of important ecological consequences [102]
and its use is critically discussed [45,104], remote-sensing based datasets on storm-related salvage
operations can help more accurately assessing impacts on forest ecosystems.
The importance of topographic information and prior knowledge about windstorm events
demonstrates that remote sensing-based mapping of forest disturbance agents can strongly benefit
from including additional sources of information that complement the spectral-temporal information
contained in satellite imagery [26]. Including datasets on forest attributes, such as forest type and
management, likely could further improve the discrimination of disturbance agents. Previous studies
already have demonstrated the potential to incorporate prior information about disturbance events by
including ancillary spatial datasets into remote sensing-based analyses of forest disturbance [31,60–62].
However, the transferability of approaches relying on external sources of information strongly
depends on the availability of appropriate reference datasets. While detailed spatial datasets on
forest disturbance agents are often not available over larger geographic extents for European forests,
information on the timing of major natural disturbances events, such as windstorms or fires, can
typically be obtained at regional levels from databases or information systems (e.g., the FORESTORM
database: http://www.efiatlantic.efi.int/portal/databases/forestorms/). Because of the general
availability of the temporal and topographic information used in this study, and since windthrow, bark
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beetles, and harvest disturbances showed similar spectral, topographic, and temporal characteristics
across study sites, our approach is likely transferable to other European forests with similar species
composition and disturbance regimes.
5. Conclusions
Thanks to recent methodological advances, Landsat-based forest monitoring can provide
otherwise often unavailable spatially explicit information on forest disturbance agents that offers
important insights for research and forest management. With the increasing availability of
analysis-ready data from sensors such as Landsat, MODIS and Sentinel-2, as well as improved methods
and computation power to handle dense time series of satellite data over large areas, monitoring
forest disturbances on an intra-annual, temporal scale becomes feasible. As the results of this study
demonstrated, monitoring forest disturbances on an intra-annual level not only allows for accurate
delineation of disturbance dates and trends, but can also improve the identification of underlying
disturbance agents. In this way, we have been able to reliably discriminate the major forest disturbance
agents of Central Europe.
Extending the methods for attributing disturbance agents based on Landsat data to larger
geographic extents could allow for mapping disturbance agents of European forests on a regional to
continental scale. Such maps would greatly improve our understanding of spatiotemporal trends in
forest disturbances. Moreover, such large-scale spatially explicit datasets on forest disturbance agents
would help with gaining new insights into drivers and interactions of disturbance agents, thereby
assisting with the sustainable management of European forest ecosystems.
Acknowledgments: This work was supported by the German Federal Ministry of Education and Research through
the GeoMultiSens project (grant no. 01IS14010B). Cornelius Senf acknowledges funding by the People Programme
(Marie Curie Actions) of the European Union’s Seventh Framework Programme (FP7/2007–2013) under REA grant
agreement No. 605728 (P.R.I.M.E.—Postdoctoral Researchers International Mobility Experience). This research
contributes to the Landsat Science Team 2012–2017 (https://landsat.usgs.gov/2012-2017-science-team). We want
to thank Franziska Pöpperl of Kalkalpen National Park and Tomáš Hlásny of the Czech University of Life Sciences
(Prague) for providing data on the protected forest areas.
Author Contributions: Julian Oeser, Dirk Pflugmacher, and Cornelius Senf conceived and designed the project,
Julian Oeser analyzed the data; Julian Oeser, Cornelius Senf, and Marco Heurich generated and contributed the
reference datasets, Julian Oeser, Dirk Pflugmacher, Cornelius Senf, Patrick Hostert, and Marco Heurich wrote
the paper.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Kurz, W.A.; Dymond, C.C.; Stinson, G.; Rampley, G.J.; Neilson, E.T.; Carroll, A.L.; Ebata, T.; Safranyik, L.
Mountain pine beetle and forest carbon feedback to climate change. Nature 2008, 452, 987–990. [CrossRef]
[PubMed]
2. Seidl, R.; Schelhaas, M.-J.; Rammer, W.; Verkerk, P.J. Increasing forest disturbances in Europe and their
impact on carbon storage. Nat. Clim. Chang. 2014, 4, 806–810. [CrossRef] [PubMed]
3. Trumbore, S.; Brando, P.; Hartmann, H. Forest health and global change. Science 2015, 349, 814. [CrossRef]
[PubMed]
4. Dale, V.H.; Joyce, L.A.; McNulty, S.; Neilson, R.P.; Ayres, M.P.; Flannigan, M.D.; Hanson, P.J.; Irland, L.C.;
Lugo, A.E.; Peterson, C.J.; et al. Climate change and forest disturbances. BioScience 2001, 51, 723–734.
[CrossRef]
5. Lindroth, A.; Lagergren, F.; Grelle, A.; Klemedtsson, L.; Langvall, O.L.A.; Weslien, P.E.R.; Tuulik, J. Storms
can cause Europe-wide reduction in forest carbon sink. Glob. Chang. Biol. 2009, 15, 346–355. [CrossRef]
6. Mascorro, V.S.; Coops, N.C.; Kurz, W.A.; Olguín, M. Choice of satellite imagery and attribution of changes
to disturbance type strongly affects forest carbon balance estimates. Carbon Balance Manag. 2015, 10, 30.
[CrossRef] [PubMed]
Forests 2017, 8, 251 20 of 24
7. Seidl, R.; Rammer, W.; Jäger, D.; Lexer, M.J. Impact of bark beetle (Ips typographus L.) disturbance on
timber production and carbon sequestration in different management strategies under climate change.
For. Ecol. Manag. 2008, 256, 209–220. [CrossRef]
8. Bengtsson, J.; Nilsson, S.G.; Franc, A.; Menozzi, P. Biodiversity, disturbances, ecosystem function and
management of European forests. For. Ecol. Manag. 2000, 132, 39–50. [CrossRef]
9. Buddle, C.M.; Langor, D.W.; Pohl, G.R.; Spence, J.R. Arthropod responses to harvesting and wildfire:
Implications for emulation of natural disturbance in forest management. Biol. Conserv. 2006, 128, 346–357.
[CrossRef]
10. Lehnert, L.W.; Bässler, C.; Brandl, R.; Burton, P.J.; Müller, J. Conservation value of forests attacked by bark
beetles: Highest number of indicator species is found in early successional stages. J. Nat. Conserv. 2013, 21,
97–104. [CrossRef]
11. Seidl, R.; Blennow, K. Pervasive growth reduction in Norway Spruce forests following wind disturbance.
PLoS ONE 2012, 7, e33301. [CrossRef] [PubMed]
12. Kautz, M.; Meddens, A.J.H.; Hall, R.J.; Arneth, A. Biotic disturbances in Northern Hemisphere forests—A
synthesis of recent data, uncertainties and implications for forest monitoring and modelling. Glob. Ecol. Biogeogr.
2016, 533–552. [CrossRef]
13. Senf, C.; Seidl, R.; Hostert, P. Remote sensing of forest insect disturbances: Current state and future directions.
Int. J. Appl. Earth Obs. Geoinf. 2017, 60, 49–60. [CrossRef]
14. Cohen, W.B.; Goward, S.N. Landsat's role in ecological applications of remote sensing. BioScience 2004, 54,
535–545. [CrossRef]
15. Wulder, M.A.; Masek, J.G.; Cohen, W.B.; Loveland, T.R.; Woodcock, C.E. Opening the archive: How free
data has enabled the science and monitoring promise of Landsat. Remote Sens. Environ. 2012, 122, 2–10.
[CrossRef]
16. Huang, C.; Goward, S.N.; Masek, J.G.; Thomas, N.; Zhu, Z.; Vogelmann, J.E. An automated approach for
reconstructing recent forest disturbance history using dense Landsat time series stacks. Remote Sens. Environ.
2010, 114, 183–198. [CrossRef]
17. Jamali, S.; Jönsson, P.; Eklundh, L.; Ardö, J.; Seaquist, J. Detecting changes in vegetation trends using time
series segmentation. Remote Sens. Environ. 2015, 156, 182–195. [CrossRef]
18. Kennedy, R.E.; Yang, Z.; Cohen, W.B. Detecting trends in forest disturbance and recovery using yearly
Landsat time series: 1. LandTrendr—Temporal segmentation algorithms. Remote Sens. Environ. 2010, 114,
2897–2910. [CrossRef]
19. Verbesselt, J.; Hyndman, R.; Newnham, G.; Culvenor, D. Detecting trend and seasonal changes in satellite
image time series. Remote Sens. Environ. 2010, 114, 106–115. [CrossRef]
20. Zhu, Z.; Woodcock, C.E.; Olofsson, P. Continuous monitoring of forest disturbance using all available
Landsat imagery. Remote Sens. Environ. 2012, 122, 75–91. [CrossRef]
21. Banskota, A.; Kayastha, N.; Falkowski, M.J.; Wulder, M.A.; Froese, R.E.; White, J.C. Forest monitoring using
Landsat time series data: A review. Can. J. Remote Sens. 2014, 40, 362–384. [CrossRef]
22. Kennedy, R.E.; Andréfouët, S.; Cohen, W.B.; Gómez, C.; Griffiths, P.; Hais, M.; Healey, S.P.; Helmer, E.H.;
Hostert, P.; Lyons, M.B.; et al. Bringing an ecological view of change to Landsat-based remote sensing.
Front. Ecol. Environ. 2014, 12, 339–346. [CrossRef]
23. Hansen, M.C.; Loveland, T.R. A review of large area monitoring of land cover change using Landsat data.
Remote Sens. Environ. 2012, 122, 66–74. [CrossRef]
24. Townsend, P.A.; Singh, A.; Foster, J.R.; Rehberg, N.J.; Kingdon, C.C.; Eshleman, K.N.; Seagle, S.W. A general
Landsat model to predict canopy defoliation in broadleaf deciduous forests. Remote Sens. Environ. 2012, 119,
255–265. [CrossRef]
25. McDowell, N.G.; Coops, N.C.; Beck, P.S.; Chambers, J.Q.; Gangodagamage, C.; Hicke, J.A.; Huang, C.Y.;
Kennedy, R.; Krofcheck, D.J.; Litvak, M.; et al. Global satellite monitoring of climate-induced vegetation
disturbances. Trends Plant Sci. 2015, 20, 114–123. [CrossRef] [PubMed]
26. Kennedy, R.E.; Yang, Z.; Braaten, J.; Copass, C.; Antonova, N.; Jordan, C.; Nelson, P. Attribution of disturbance
change agent from Landsat time-series in support of habitat monitoring in the Puget Sound region, USA.
Remote Sens. Environ. 2015, 166, 271–285. [CrossRef]
27. Senf, C.; Pflugmacher, D.; Wulder, M.A.; Hostert, P. Characterizing spectral–temporal patterns of defoliator
and bark beetle disturbances using Landsat time series. Remote Sens. Environ. 2015, 170, 166–177. [CrossRef]
Forests 2017, 8, 251 21 of 24
28. Hermosilla, T.; Wulder, M.A.; White, J.C.; Coops, N.C.; Hobart, G.W.; Campbell, L.B. Mass data processing
of time series Landsat imagery: Pixels to data products for forest monitoring. Int. J. Digit. Earth 2016, 9,
1035–1054. [CrossRef]
29. Moisen, G.G.; Meyer, M.C.; Schroeder, T.A.; Liao, X.; Schleeweis, K.G.; Freeman, E.A.; Toney, C. Shape
selection in Landsat time series: A tool for monitoring forest dynamics. Glob. Chang. Biol. 2016, 22, 3518–3528.
[CrossRef] [PubMed]
30. Hermosilla, T.; Wulder, M.A.; White, J.C.; Coops, N.C.; Hobart, G.W. Regional detection, characterization,
and attribution of annual forest change from 1984 to 2012 using Landsat-derived time-series metrics.
Remote Sens. Environ. 2015, 170, 121–132. [CrossRef]
31. Schroeder, T.A.; Schleeweis, K.G.; Moisen, G.G.; Toney, C.; Cohen, W.B.; Freeman, E.A.; Yang, Z.; Huang, C.
Testing a Landsat-based approach for mapping disturbance causality in U.S. forests. Remote Sens. Environ.
2017, 195, 230–243. [CrossRef]
32. Lausch, A.; Heurich, M.; Fahse, L. Spatio-temporal infestation patterns of Ips typographus (L.) in the Bavarian
Forest National Park, Germany. Ecol. Indic. 2013, 31, 73–81. [CrossRef]
33. Schelhaas, M.J.; Nabuurs, G.J.; Schuck, A. Natural disturbances in the European forests in the 19th and 20th
centuries. Glob. Chang. Biol. 2003, 9, 1620–1633. [CrossRef]
34. Seidl, R.; Rammer, W. Climate change amplifies the interactions between wind and bark beetle disturbances
in forest landscapes. Landsc. Ecol. 2016, 1–14. [CrossRef] [PubMed]
35. Stadelmann, G.; Bugmann, H.; Wermelinger, B.; Bigler, C. Spatial interactions between storm damage and
subsequent infestations by the European spruce bark beetle. For. Ecol. Manag. 2014, 318, 167–174. [CrossRef]
36. Gregow, H.; Laaksonen, A.; Alper, M.E. Increasing large scale windstorm damage in Western, Central and
Northern European forests, 1951–2010. Sci. Rep. 2017, 7, 46397. [CrossRef] [PubMed]
37. Lindner, M.; Fitzgerald, J.B.; Zimmermann, N.E.; Reyer, C.; Delzon, S.; van der Maaten, E.; Schelhaas, M.J.;
Lasch, P.; Eggers, J.; van der Maaten-Theunissen, M.; et al. Climate change and European forests: What do we
know, what are the uncertainties, and what are the implications for forest management? J. Environ. Manag.
2014, 146, 69–83. [CrossRef] [PubMed]
38. Goodwin, N.R.; Coops, N.C.; Wulder, M.A.; Gillanders, S.; Schroeder, T.A.; Nelson, T. Estimation of insect
infestation dynamics using a temporal sequence of Landsat data. Remote Sens. Environ. 2008, 112, 3680–3689.
[CrossRef]
39. Hais, M.; Jonášová, M.; Langhammer, J.; Kucˇera, T. Comparison of two types of forest disturbance using
multitemporal Landsat TM/ETM+ imagery and field vegetation data. Remote Sens. Environ. 2009, 113,
835–845. [CrossRef]
40. Meigs, G.W.; Kennedy, R.E.; Cohen, W.B. A Landsat time series approach to characterize bark beetle and
defoliator impacts on tree mortality and surface fuels in conifer forests. Remote Sens. Environ. 2011, 115,
3707–3718. [CrossRef]
41. Baumann, M.; Ozdogan, M.; Wolter, P.T.; Krylov, A.; Vladimirova, N.; Radeloff, V.C. Landsat remote sensing
of forest windfall disturbance. Remote Sens. Environ. 2014, 143, 171–179. [CrossRef]
42. Levers, C.; Verkerk, P.J.; Müller, D.; Verburg, P.H.; Butsic, V.; Leitão, P.J.; Lindner, M.; Kuemmerle, T. Drivers
of forest harvesting intensity patterns in Europe. For. Ecol. Manag. 2014, 315, 160–172. [CrossRef]
43. Stadelmann, G.; Bugmann, H.; Meier, F.; Wermelinger, B.; Bigler, C. Effects of salvage logging and sanitation
felling on bark beetle (Ips typographus L.) infestations. For. Ecol. Manag. 2013, 305, 273–281. [CrossRef]
44. Wermelinger, B. Ecology and management of the spruce bark beetle Ips typographus—A review of recent
research. For. Ecol. Manag. 2004, 202, 67–82. [CrossRef]
45. Thorn, S.; Bässler, C.; Svoboda, M.; Müller, J. Effects of natural disturbances and salvage logging on
biodiversity—Lessons from the Bohemian Forest. For. Ecol. Manag. 2017, 388, 113–119. [CrossRef]
46. Fahse, L.; Heurich, M. Simulation and analysis of outbreaks of bark beetle infestations and their management
at the stand level. Ecol. Model. 2011, 222, 1833–1846. [CrossRef]
47. Kennedy, R.E.; Cohen, W.B.; Schroeder, T.A. Trajectory-based change detection for automated characterization
of forest disturbance dynamics. Remote Sens. Environ. 2007, 110, 370–386. [CrossRef]
48. Schroeder, T.A.; Wulder, M.A.; Healey, S.P.; Moisen, G.G. Mapping wildfire and clearcut harvest disturbances
in boreal forests with Landsat time series data. Remote Sens. Environ. 2011, 115, 1421–1433. [CrossRef]
49. Wulder, M.A.; White, J.C.; Bentz, B.; Alvarez, M.F.; Coops, N.C. Estimating the probability of mountain pine
beetle red-attack damage. Remote Sens. Environ. 2006, 101, 150–166. [CrossRef]
Forests 2017, 8, 251 22 of 24
50. Coops, N.C.; Gillanders, S.N.; Wulder, M.A.; Gergel, S.E.; Nelson, T.; Goodwin, N.R. Assessing changes in
forest fragmentation following infestation using time series Landsat imagery. For. Ecol. Manag. 2010, 259,
2355–2365. [CrossRef]
51. Hilker, T.; Wulder, M.A.; Coops, N.C.; Linke, J.; McDermid, G.; Masek, J.G.; Gao, F.; White, J.C. A new data
fusion model for high spatial- and temporal-resolution mapping of forest disturbance based on Landsat and
MODIS. Remote Sens. Environ. 2009, 113, 1613–1627. [CrossRef]
52. Verbesselt, J.; Zeileis, A.; Herold, M. Near real-time disturbance detection using satellite image time series.
Remote Sens. Environ. 2012, 123, 98–108. [CrossRef]
53. Gardiner, B.; Schuck, A.; Schelhaas, M.J.; Orazio, C.; Blennow, K.; Nicoll, B. Living with Storm Damage to
Forests; European Forest Institute: Joensuu, Finland, 2013.
54. Nilsson, C.; Stjernquist, I.; Bärring, L.; Schlyter, P.; Jönsson, A.M.; Samuelsson, H. Recorded storm damage in
Swedish forests 1901–2000. For. Ecol. Manag. 2004, 199, 165–173. [CrossRef]
55. Gaylord, M.L.; Kolb, T.E.; Wallin, K.F.; Wagner, M.R. Seasonality and lure preference of bark beetles
(Curculionidae: Scolytinae) and associates in a Northern Arizona Ponderosa Pine forest. Environ. Entomol.
2006, 35, 37–47. [CrossRef]
56. Jönsson, A.M.; Appelberg, G.; Harding, S.; Bärring, L. Spatio-temporal impact of climate change on the
activity and voltinism of the spruce bark beetle, Ips typographus. Glob. Chang. Biol. 2009, 15, 486–499. [CrossRef]
57. Huesca, M.; Litago, J.; Palacios-Orueta, A.; Montes, F.; Sebastián-López, A.; Escribano, P. Assessment of
forest fire seasonality using MODIS fire potential: A time series approach. Agric. For. Meteorol. 2009, 149,
1946–1955. [CrossRef]
58. Jolly, W.M.; Cochrane, M.A.; Freeborn, P.H.; Holden, Z.A.; Brown, T.J.; Williamson, G.J.; Bowman, D.M.J.S.
Climate-induced variations in global wildfire danger from 1979 to 2013. Nat. Commun. 2015, 6, 7537.
[CrossRef] [PubMed]
59. Senf, C.; Campbell, E.M.; Pflugmacher, D.; Wulder, M.A.; Hostert, P. A multi-scale analysis of western spruce
budworm outbreak dynamics. Landsc. Ecol. 2017, 32, 501–514. [CrossRef]
60. Meddens, A.J.H.; Hicke, J.A.; Ferguson, C.A. Spatiotemporal patterns of observed bark beetle-caused tree
mortality in British Columbia and the western United States. Ecol. Appl. 2012, 22, 1876–1891. [CrossRef]
[PubMed]
61. Assal, T.J.; Sibold, J.; Reich, R. Modeling a historical mountain pine beetle outbreak using Landsat MSS and
multiple lines of evidence. Remote Sens. Environ. 2014, 155, 275–288. [CrossRef]
62. Senf, C.; Wulder, M.A.; Campbell, E.M.; Hostert, P. Using Landsat to assess the relationship between
spatiotemporal patterns of western spruce budworm outbreaks and regional-scale weather variability.
Can. J. Remote Sens. 2016, 42, 706–718. [CrossRef]
63. Mezei, P.; Grodzki, W.; Blaženec, M.; Jakuš, R. Factors influencing the wind–bark beetles’ disturbance system
in the course of an Ips typographus outbreak in the Tatra Mountains. For. Ecol. Manag. 2014, 312, 67–77.
[CrossRef]
64. Kulakowski, D.; Seidl, R.; Holeksa, J.; Kuuluvainen, T.; Nagel, T.A.; Panayotov, M.; Svoboda, M.; Thorn, S.;
Vacchiano, G.; Whitlock, C.; et al. A walk on the wild side: Disturbance dynamics and the conservation and
management of European mountain forest ecosystems. For. Ecol. Manag. 2017, 388, 120–131. [CrossRef]
65. Müller, J.; Bußler, H.; Goßner, M.; Rettelbach, T.; Duelli, P. The European spruce bark beetle Ips typographus
in a national park: From pest to keystone species. Biodivers. Conserv. 2008, 17, 2979. [CrossRef]
66. Seidl, R.; Müller, J.; Hothorn, T.; Bässler, C.; Heurich, M.; Kautz, M. Small beetle, large-scale drivers: How
regional and landscape factors affect outbreaks of the European spruce bark beetle. J. Appl. Ecol. 2015, 53,
530–540. [CrossRef] [PubMed]
67. Nikolov, C.; Konôpka, B.; Kajba, M.; Galko, J.; Kunca, A.; Janský, L. Post-disaster forest management and
bark beetle outbreak in Tatra National Park, Slovakia. Mt. Res. Dev. 2014, 34, 326–335. [CrossRef]
68. Svoboda, M.; Fraver, S.; Janda, P.; Bacˇe, R.; Zenáhlíková, J. Natural development and regeneration of a Central
European montane spruce forest. For. Ecol. Manag. 2010, 260, 707–714. [CrossRef]
69. Havašová, M.; Ferencˇík, J.; Jakuš, R. Interactions between windthrow, bark beetles and forest management
in the Tatra national parks. For. Ecol. Manag. 2017, 391, 349–361. [CrossRef]
70. Jonášová, M.; Vávrová, E.; Cudlín, P. Western Carpathian mountain spruce forest after a windthrow: Natural
regeneration in cleared and uncleared areas. For. Ecol. Manag. 2010, 259, 1127–1134. [CrossRef]
Forests 2017, 8, 251 23 of 24
71. Gao, F.; Masek, J.; Wolfe, R.E. Automated registration and orthorectification package for Landsat and
Landsat-like data processing. J. Appl. Remote Sens. 2009, 3, 033515.
72. Masek, J.G.; Vermote, E.F.; Saleous, N.E.; Wolfe, R.; Hall, F.G.; Huemmrich, K.F.; Feng, G.; Kutler, J.;
Teng-Kui, L. A Landsat surface reflectance dataset for North America, 1990–2000. IEEE Geosci. Remote
Sens. Lett. 2006, 3, 68–72. [CrossRef]
73. Vermote, E.; Justice, C.; Claverie, M.; Franch, B. Preliminary analysis of the performance of the Landsat
8/OLI land surface reflectance product. Remote Sens. Environ. 2016, 185, 46–56. [CrossRef]
74. Zhu, Z.; Woodcock, C.E. Object-based cloud and cloud shadow detection in Landsat imagery. Remote Sens. Environ.
2012, 118, 83–94. [CrossRef]
75. Crist, E.P. A TM tasseled cap equivalent transformation for reflectance factor data. Remote Sens. Environ.
1985, 17, 301–306. [CrossRef]
76. Roy, D.P.; Kovalskyy, V.; Zhang, H.K.; Vermote, E.F.; Yan, L.; Kumar, S.S.; Egorov, A. Characterization
of Landsat-7 to Landsat-8 reflective wavelength and normalized difference vegetation index continuity.
Remote Sens. Environ. 2016, 185, 57–70. [CrossRef]
77. Gallego, J.; Delincé, J. The European Land Use and Cover Area-Frame Statistical Survey. In Agricultural
Survey Methods; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2010; pp. 149–168.
78. She, X.; Zhang, L.; Cen, Y.; Wu, T.; Huang, C.; Baig, H.M. Comparison of the continuity of vegetation indices
derived from Landsat 8 OLI and Landsat 7 ETM+ data among different vegetation types. Remote Sens. 2015,
7, 13485–13506. [CrossRef]
79. Pflugmacher, D.; Cohen, W.B.; Kennedy, R.E. Using Landsat-derived disturbance history (1972–2010) to
predict current forest structure. Remote Sens. Environ. 2012, 122, 146–165. [CrossRef]
80. Cohen, W.B.; Yang, Z.; Kennedy, R. Detecting trends in forest disturbance and recovery using yearly Landsat
time series: 2. TimeSync—Tools for calibration and validation. Remote Sens. Environ. 2010, 114, 2911–2924.
[CrossRef]
81. Kennedy, R.E.; Yang, Z.; Cohen, W.B.; Pfaff, E.; Braaten, J.; Nelson, P. Spatial and temporal patterns of forest
disturbance and regrowth within the area of the Northwest Forest Plan. Remote Sens. Environ. 2012, 122,
117–133. [CrossRef]
82. Meigs, G.W.; Kennedy, R.E.; Gray, A.N.; Gregory, M.J. Spatiotemporal dynamics of recent mountain pine
beetle and western spruce budworm outbreaks across the Pacific Northwest Region, USA. For. Ecol. Manag.
2015, 339, 71–86. [CrossRef]
83. Kautz, M. On correcting the time-lag bias in aerial-surveyed bark beetle infestation data. For. Ecol. Manag.
2014, 326, 157–162. [CrossRef]
84. Heurich, M.; Ochs, T.; Andresen, T.; Schneider, T. Object-orientated image analysis for the semi-automatic
detection of dead trees following a spruce bark beetle (Ips typographus) outbreak. Eur. J. For. Res. 2009, 129,
313–324. [CrossRef]
85. Cohen, W.B.; Spies, T.A. Estimating structural attributes of Douglas-fir/western hemlock forest stands from
landsat and SPOT imagery. Remote Sens. Environ. 1992, 41, 1–17. [CrossRef]
86. Hansen, M.J.; Franklin, S.E.; Woudsma, C.; Peterson, M. Forest structure classification in the North Columbia
Mountains using the Landsat TM Tasseled Cap wetness component. Can. J. Remote Sens. 2001, 27, 20–32.
[CrossRef]
87. Healey, S.P.; Cohen, W.B.; Zhiqiang, Y.; Krankina, O.N. Comparison of Tasseled Cap-based Landsat data
structures for use in forest disturbance detection. Remote Sens. Environ. 2005, 97, 301–310. [CrossRef]
88. Zeileis, A. A unified approach to structural change tests based on ML Scores, F statistics, and OLS residuals.
Econom. Rev. 2005, 24, 445–466. [CrossRef]
89. de Jong, R.; Verbesselt, J.; Zeileis, A.; Schaepman, M. Shifts in global vegetation activity trends. Remote Sens.
2013, 5, 1117–1133. [CrossRef]
90. Verbesselt, J.; Hyndman, R.; Zeileis, A.; Culvenor, D. Phenological change detection while accounting
for abrupt and gradual trends in satellite image time series. Remote Sens. Environ. 2010, 114, 2970–2980.
[CrossRef]
91. Zeileis, A.; Kleiber, C.; Krämer, W.; Hornik, K. Testing and dating of structural changes in practice.
Comput. Stat. Data Anal. 2003, 44, 109–123. [CrossRef]
92. Bai, J.; Perron, P. Computation and analysis of multiple structural change models. J. Appl. Econ. 2003, 18,
1–22. [CrossRef]
Forests 2017, 8, 251 24 of 24
93. Zeileis, A.; Leisch, F.; Hornik, K.; Kleiber, C. Strucchange: An R package for testing for structural change in
linear regression models. J. Stat. Softw. 2002, 7, 1–38. [CrossRef]
94. Breiman, L. Random forests. Mach. Learn. 2001, 45, 5–32. [CrossRef]
95. Liaw, A.; Wiener, M. Classification and regression by randomForest. R News 2002, 2, 18–22.
96. Breiman, L.; Cutler, A. Manual for setting up, using, and understanding random forest V4.0. Available online:
https://www.stat.berkeley.edu/~breiman/Using_random_forests_v4.0.pdf (accessed on 12 May 2017).
97. Mitchell, S.J. Wind as a natural disturbance agent in forests: a synthesis. Forestry 2012, 86, 147–157. [CrossRef]
98. Lausch, A.; Fahse, L.; Heurich, M. Factors affecting the spatio-temporal dispersion of Ips typographus (L.) in
Bavarian Forest National Park: A long-term quantitative landscape-level analysis. For. Ecol. Manag. 2011,
261, 233–245. [CrossRef]
99. Albrecht, A.; Kohnle, U.; Hanewinkel, M.; Bauhus, J. Storm damage of Douglas-fir unexpectedly high
compared to Norway spruce. Ann. For. Sci. 2013, 70, 195–207. [CrossRef]
100. Mayer, P.; Brang, P.; Dobbertin, M.; Hallenbarter, D.; Renaud, J.-P.; Walthert, L.; Zimmermann, S. Forest
storm damage is more frequent on acidic soils. Ann. For. Sci. 2005, 62, 303–311. [CrossRef]
101. Schmidt, M.; Hanewinkel, M.; Kändler, G.; Kublin, E.; Kohnle, U. An inventory-based approach for modeling
single-tree storm damage—Experiences with the winter storm of 1999 in southwestern Germany. Can. J.
For. Res. 2010, 40, 1636–1652. [CrossRef]
102. Lindenmayer, D.B.; Noss, R.F. Salvage logging, ecosystem processes, and biodiversity conservation.
Conserv. Biol. 2006, 20, 949–958. [CrossRef] [PubMed]
103. Gardiner, B.; Blennow, K.; Carnus, J.M.; Fleischer, P.; Ingemarson, F.; Landmann, G.; Lindner, M.; Marzano, M.;
Nicoll, B.; Orazio, C.; et al. Destructive Storms in European Forests: Past and Forthcoming Impacts; European
Forest Institute: Joensuu, Finland, 2010; p. 138.
104. Lindenmayer, D.B.; Foster, D.R.; Franklin, J.F.; Hunter, M.L.; Noss, R.F.; Schmiegelow, F.A.; Perry, D. Salvage
harvesting policies after natural disturbance. Science 2004, 303, 1303. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
